Tetranychus urticae, Fragaria ×ananassa, genotypes, host plant resistance ABSTRACT. Forty-eight strawberry (Fragaria ×ananassa Duchesne) or (Fragaria L. sp.) genotypes from the University of California advanced-cycle breeding population were evaluated over 7 years for susceptibility to and tolerance of infestation by two-spotted spider mite (Tetranychus urticae Koch). In pairwise tests, 23 photoperiodically short-day genotypes were compared with the short-day cultivar Chandler, and 23 day-neutral genotypes to the day-neutral cultivar Selva. Feeding by T. urticae resulted in substantial yield reductions regardless of genotype. Yield reduction from feeding by T. urticae averaged 29.9% for short-day and 23% for day-neutral genotypes. Calculation of variance components for day-neutral genotypes determined that none of the variation in yield was explained by the interaction of genotype and T. urticae infestation, whereas 24.4% of the variation in yield for short-day genotypes was explained by the interaction of genotype and T. urticae infestation. Under current strawberry production practices in California there appears to be little potential for breeding direct resistance to T. urticae for day-neutral genotypes. However, some gains in breeding direct T. urticae resistance may be achieved within short-day genotypes. Phenotypic path-coefficient analysis for direct and indirect effects, and simple correlation coefficients of T. urticae feeding determined there were substantial differences between short-day and day-neutral genotypes in their yield responses to T. urticae feeding. For short-day genotypes, the greatest direct effect on yield resulted from T. urticae feeding in June. For day-neutral genotypes, the greatest direct effects resulted from T. urticae feeding in April and May and were probably due to the day-neutral genotype's more complex flowering responses. Several high-yielding cultivars have been developed and released over the 7 years of this study. It appears the new cultivars that were bred for current cultural practices exhibited a consistent plant response for greater yield both in the presence and absence of T. urticae feeding.
Few studies have incorporated the critical economic component of yield reduction resulting from feeding by T. urticae as a criterion for evaluating mite resistance among strawberry genotypes.
Climate and other environmental conditions affect strawberry plant growth and reproductive status, and these factors were reviewed by Larson (1994) . Wild-type Fragaria sp. respond to the environment by allocating photosynthetic assimilate resources differentially to vegetative growth, vegetative reproduction, or sexual reproduction (Jurik, 1985) . The intensity of strawberry culture in California is designed to remove biotic competition, minimize abiotic stress, and maximize resource availability to promote timely and high-volume fruit production. Market forces dominant cultivar selection and the cultivar chosen will in turn determine cultural practices (Galletta and Bringhurst, 1990) .
Modern commercial strawberry cultivars can be classified into two groups depending on their reproductive and vegetative responses to daylength. Most strawberries (domestic and wild types) are classified as short-day. This type of floral induction generally occurs with photoperiods <14 h. The second photoperiodic group of strawberries is comprised of day-neutral cultivars that will generally flower in cool-summer Mediterranean climates regardless of daylength.
Most southern California (San Diego, Orange, Los Angeles, and Ventura counties) strawberry producers plant short-day cultivars. Fruit production plantations in southern California are established in early to mid-October. Planting stock is comprised University of California strawberry cultivars are adaptable to many climates and are grown worldwide. Currently, they account for the majority of Western Hemisphere strawberries produced for fresh-market delivery and a large portion produced for the processing market (Galletta and Bringhurst, 1990) . The twospotted spider mite, Tetranychus urticae (Acari: Tetranychidae), is a perennial and omnipresent arthropod pest of commercial strawberries, in California (Zalom et al., 1990 ) and other strawberryproducing regions (Shanks, 1980) . In California, >99% of the hectares are treated with at least one acaricide application and 95% are treated two or more times with acaricide applications to prevent or suppress T. urticae infestations (California Department of Pesticide Regulation, 1999) .
Several attempts have been made to discover mite-resistant strawberry genotypes and then incorporate the observed traits for resistance into commercial germplasm (Barritt, 1980; Hancock et al., 1991; Gimenez-Ferrer et al., 1993; Shanks and Moore, 1995) . Most studies of mite resistance on strawberry plants have involved estimating mite abundance or rating foliar damage or physiological response to determine differences in susceptibility to mite infestation or tolerance of mite feeding among genotypes. of runner plants that are propagated asexually in high-elevation (>1,200 m) nursery fields in northeastern California or southeastern Oregon. The plants in nursery fields are machine harvested, trimmed to crown and root, boxed, and then shipped by refrigerated truck to southern California. Time from plant harvest at the nursery to transplant in the production plantation takes 2 or 3 d. These and other cultural practices are contrived to force the plants to produce fresh market fruit for a market window in middle to late winter and early spring when other fresh fruits are in short supply and fresh strawberries can command a premium economic return. Fruit produced in southern California in late spring are used primarily for processing at a substantially reduced economic return (Galletta and Bringhurst, 1990) . Southern California strawberry producers usually terminate fruit harvest by late spring or early summer.
Alternatively, the cultural system of strawberry producers in the Monterey Bay region of central California (Santa Cruz and Monterey counties) relies primarily on the November transplant of day-neutral cultivars. Day-neutral transplants are harvested from nurseries somewhat later (1 to 3 weeks) than short-day cultivars. Most strawberry producers store the boxed, day-neutral bare-root transplants in hydrocoolers for 1 to 4 weeks at temperatures just above freezing, before transplant in November, to promote a plant vigor response (Voth and Bringhurst, 1970) . Commercial harvest will commence in mid-spring and will continue throughout summer and into late fall. Cultural practices and cultivar selection of south central California coast producers (Santa Barbara and San Luis Obispo counties) are intermediate and more varied than those used by producers to either the north or south. However, the photoperiodicity of the cultivar selected will determine which of the two cultural and harvest systems producers will follow.
Natural and artificial chilling below 7.2 o C in nursery fields during fall, in cold storage, or in the production plantation during fall and winter will impact plant vigor during spring (Voth and Bringhurst, 1970) . Low plant vigor has been associated with increased plant susceptibility to infestation by T. urticae, whereas high plant vigor has been associated with a delay of infestation by T. urticae (Walsh et al. 1997) . Strawberry producers strive to achieve a balance between vegetative and reproductive growth , and most cultural practices are designed to fulfill this objective. Day-neutral genotypes usually require more plant chilling than short-day genotypes to promote an adequate plant vigor response.
The objective of this study was to determine quantitative relationships between T. urticae infestation and yield reduction caused by T. urticae feeding in the University of California advanced cycle strawberry breeding population. We evaluated 48 genotypes from this population over 7 years for susceptibility to and tolerance of T. urticae infestation and calculated the yield reduction resulting from T. urticae feeding on each genotype tested within each year. Additionally, we attempted to measure the level of genetic variation of tolerance to T. urticae feeding among the tested genotypes. Finally, the relationship between T. urticae population density, the temporal period of T. urticae feeding, and strawberry fruit yield were examined by correlation analysis. Twenty-five day-neutral and 23 short-day genotypes with a range of production patterns were tested over the course of these studies. Of these genotypes, 15 were tested two or more years. The 48 genotypes were chosen from the University of California strawberry improvement program. Twenty-one of the genotypes tested have been released as cultivar selections before, during, or after the completion of this study. 'Chandler' and 'Selva' were, respectively, the industry standard short-day and day-neutral cultivars for all 7 years of this study. Since these studies were a part of the University of California strawberry genetic improvement program, all genotypes were compared categorically to 'Chandler' or 'Selva' according to the photoperiodic reproductive response of each genotype.
Materials and Methods

PAIRWISE COMPARISONS TESTS
Photoperiodically short-day and day-neutral genotypes were stored for 1 and 4 weeks, respectively, in a hydrocooler at 0.5 o C to increase plant vigor by promoting a chilling response before transplanting into the production plantation. Following standard commercial production practices (Welch, 1990) , plots were established on methyl bromide-chloropicrin fumigated, prefertilized, two-row diagonal raised beds with 132-cm centers and 34-cm plant spacing along rows (39,540 plants/ha).
Paired plots of 20 plants each were established for each genotype represented in a year. Two replicates were treated with acaricides to prevent T. urticae infestation whereas two replicates remained nontreated with acaricides. Acaricide treatment regimes varied slightly among years depending on variability of T. urticae abundance. However, the treated plots received on average two to three applications of abamectin (Agrimek 0.15 EC; Syngenta Corp, Greensboro, N.C.), at a rate of 0.02 kg a.i./acre (0.4 ha). All other cultural practices were identical. Tetranychus urticae density was determined on plants in the nontreated plots by harvesting 10 mid-tier leaflets per replicate every 2 weeks, transporting the leaves to the laboratory, and mite brushing and counting mites present on the leaves (Henderson and McBurnie, 1954) . Mite-days (Andrews and La Pre, 1979) were calculated and summed for monthly intervals for each season by using 15 Mar. and 30 Aug. as starting and ending dates to provide a standard index of T. urticae feeding. A hard frost in Winter 1990 injured plants and suppressed mites. Results from experiments conducted in that year were considered unreliable and not considered further. Ripe fruit from the plots were harvested weekly from April through August, and from those harvests, annual yields were calculated as grams of fruit produced per plant. Average fruit weight was determined by averaging the weights of 10 randomly chosen fruit per replicate on each harvest date. Weekly yield per plant was divided by average fruit size as an estimate of the number of market quality berries produced per plant per week.
All yield and T. urticae abundance data were analyzed using fixed effects analysis of variance (ANOVA, SAS Institute, Inc. 1990). Treatment means within years of short-day genotypes were compared with 'Chandler' and day-neutral genotypes were compared with 'Selva' in a pairwise t test (Abacus Concepts, 1989) . Additionally, the treatment means for total yield of the acaricide treated and nontreated plots were compared in a pairwise t test by genotype to determine if T. urticae feeding on a genotype within a year resulted in significant percentage of yield reduction.
COMBINED ANALYSIS.
Variances due to year, replicate within year, genotype, mite treatment (spray), and their interactions were tested by ANOVA performed using SAS procedure GLM (SAS Inst., Inc. 1990 ). Components of variance for genotype, genotype by spray, and genotype by spray by year interactions were calculated for short-day and day-neutral sets of genotypes for annual yields and fruit sizes. These components were compared to evaluate the magnitude of differences among genotypes over all treatments, differences in plant responses to acaricide application, or to differences in genotypic response to the acaricide spray among years. Additionally, a similar analysis was conducted on all of the genotypes combined.
A path analysis of phenotypic correlations by plant photoperiodicity (day-neutral or short-day) was constructed in which six variables including the week mites were first detected (week one, 10 to 16 Mar.; week two, 17 to 23 Mar., etc.) and mitedays accumulated during April, May, June, July, and August were recorded, and their effects on percentage of yield reduction calculated. Path analysis permits the partitioning of the correlation coefficients between the dependant variable and the independent variables into direct and indirect effects (Li 1975 , Loehlin 1987 . A direct effect is called a path coefficient and is a standardized partial regression coefficient. Path coefficient analysis (Wright, 1921) was used to determine the direct and indirect phenotypic correlations between the timing and severity of T. urticae infestation with yield reduction. The time periods in which T. urticae were feeding were grouped into a relational table containing hypothesized pathways of the influence of T. urticae feeding on yield. Path coefficients were obtained by the simultaneous solution of the normal equations for multiple regression in standard measure.
Results
Results of ANOVA and descriptive statistics for maximum abundance of T. urticae per leaflet, accumulated mite-days, and fruit yield are listed in Table 1 for short-day genotypes and Table  2 for day-neutral genotypes tested in each year. In a separate analysis, each short-day or day-neutral genotype was compared within year in pairwise t tests with either 'Chandler' (Table 1) or 'Selva' (Table 2) , respectively. Factors compared included maximum abundance of T. urticae per leaflet, accumulated mite-days, and fruit yield in plots that had been treated with or remained nontreated with acaricides, Additionally, yields of each genotype treated with or without acaricides were compared within year by pairwise t tests to determine if yield reduction resulting from T. urticae feeding within that year was significant (P < 0.05). Regardless of genotype, plant photoperiodicity, relative level of infestation within year, or harvest year, T. urticae feeding usually resulted in substantial yield reduction (Tables 1 and 2 ). There were significant (P < 0.05) differences between 'Chandler' and the other genotypes compared within year during 6 of the 7 years of this study (Table 1) . 'Chandler' had greater yields than several genotypes in 1989, but in 1992, 1993 , and 1995 most of the genotypes in the study had greater yields than 'Chandler' when T. urticae populations remained suppressed. When T. urticae were left uncontrolled and infestations developed, percentage of yield reduction tended to be greater on the newer genotypes than on 'Chandler'. However, a recently released (1993) short-day cultivar, Camarosa, produced higher yields than 'Chandler' in 1995 and 1996, regardless of T. urticae abundance. There was no clear association between yield potential and percentage of yield loss to T. urticae feeding. For example, 'Tioga', a 1953 selection, had the lowest acaricide treated and nontreated yield of genotypes tested in 1989, yet percentage of yield reduction due to T. urticae feeding was near the middle of our observations. Similar results were observed on the acaricide-treated day-neutral genotypes, with several of the newer genotypes exhibiting greater yield than 'Selva' regardless of T. urticae abundance. Although T. urticae feeding usually resulted in substantial yield reduction within genotype and year, there was rarely a rank shift in yield caused by mite feeding among genotypes within year. Yield reduction averaged 29.9% for short-day genotypes, and 23% for dayneutral genotypes over the 7 years of this study.
ANOVA for yield and fruit size of all genotypes combined demonstrates that acaricide treatments (S), harvest year (Y), and genotype (G) had highly significant (P < 0.01) impact on yield and fruit size (Table 3) . Additionally, the interactions of year × genotype, year × spray, genotype × spray, and year × genotype × spray were all highly significant (P < 0.01) or significant (P < 0.05) for yield. Year × genotype was highly significant (P < 0.01) and year × spray was significant (P < 0.05) for fruit size. The genotype × spray and year × genotype × spray interactions were nonsignificant (P > 0.05) for fruit size. Conversely, the year × genotype × spray interaction was nonsignificant (P > 0.05) for either the short-day or day-neutral genotypes when data for these plant types were analyzed separately (Table 3) .
Calculation of the variance components for all genotypes combined demonstrates that the majority of the variance for yield and fruit size results from differences between genotypes and is consistent across acaricide treatment, and that there is little variation in the response of genotypes to infestation by T. Urticae (Table 3 ). This was particularly true for day-neutral selections in which none of the variation in yield and only 1.5% of the variation in fruit size is explained by the interaction of genotype and T. urticae infestation (Table 3) . However, in the day-neutral genotypes, 14.2% of the variance in yield is explained by the interaction of genotype and T. urticae by harvest year (Table 3) indicating there may be some interactions that reflect specific adaptation but that is not consistent over yearly environmental differences. This is somewhat different from the results for short-day genotypes where 75.6% of the variance is explained by genotype and 24.4% of the variance in yield is explained by the interaction of genotype and T. urticae infestation (Table 3) .
PATH COEFFICIENT ANALYSIS. The phenotypic path coefficients for direct and indirect effects, and simple correlation coefficients of T. urticae factors affecting fruit yield including week T. urticae were detected and monthly mite-day accumulations from April through August are shown in Table 4 . Differences between short-day and day-neutral genotypes were found in accumulated mite-days, and in their yield responses to feeding by T. urticae in similar periods of time. For short-day genotypes, the greatest direct effect on yield resulted from mite-day accumulation in June. For day-neutral cultivars the most significant direct effect on yield resulted from mite-day accumulation during April and May, and a significant negative direct effect was observed for the week mites first became detectable. These results are consistent with our prior observation for 'Selva' (Walsh et al., 1997 ) that suggested early-spring mite-day accumulation resulted in greater yield loss than equivalent mite-day accumulation during late-spring or summer. Week of mite detection also had a significant indirect effect on yield via mite-day accumulation in April, May, and June due to the fact that the earlier mites were detected in late-winter or spring the greater the mite dayaccumulations were in April, May, and June. z Pairwise t tests were calculated within year to determine if the mean of each genotype was significantly different from the mean of 'Chandler.' y Pairwise t tests were calculated within year and genotype for yield between acaricide treated and nontreated plots to determine if the percentage of yield reduction caused by T. urticae feeding was significant. *,** Significant (or significantly different from the mean of 'Chandler') at P < 0.05 or 0.01, respectively. Table 2 . ANOVA for day-neutral genotypes tested within year, and mean and SE for maximum abundance of T. urticae observed per leaflet, accumulated mite-days in nonacaricide treated plots, yield in acaricide-treated and nontreated plots, and yield reduction caused by T. urticae feeding. 
T. urticae/
Discussion
Pest resistance is only one facet of the selection process in development of new strawberry cultivars for commercial fruit production. To become commercially successful, a cultivar must express a large number of desirable horticultural traits. Principally, the plant must have the genetic potential to produce a high volume of large, visually attractive, firm fruit over a relatively extended time period. It must be adaptable to a range of microclimates, and the plant must be compact with a relatively open canopy to facilitate hand harvesting. We began our studies in 1988 following removal of cyhexatin (Plictran 50W; Du Pont, Wilmington, Del.) from use for mite control on all commodities. California strawberry producers had used cyhexatin to suppress T. urticae infestations, and cancellation of the registration left strawberry producers with very few mite control options. Additionally, the strawberry industry was experiencing a rapid expansion in hectares. In 1980, there were 4,452 ha of strawberries in California that yielded 159,622 t of fresh market strawberries. By 1990, there were 8,073 ha that yielded 303,241 t, and in 1996, there were 10,217 ha that produced 402,908 t. The 1983 release of the cultivars, Selva and Chandler, contributed to this rapid expansion in fresh-market fruit volume. The release of 'Selva' in particular resulted in substantial changes in cultural practices and fruit production patterns in the central California coast growing districts. Before release of 'Selva,' strawberries were typically summer transplanted (August or early September) as frigo plants (transplants that had been harvested from low-elevation Sacramento Valley nurseries the previous winter and kept in cold storage at -2.2 o C). Selva is fall transplanted (November or early December) as a fresh plant from high-elevation nurseries. Initial University of California recommendations for the length of supplemental cold storage required to promote adequate plant vigor for 'Selva' before transplant was 10 d.
Current recommendations call for at least 2 weeks supplemental cold storage (Welch 1990 , Walsh et al., 1997 , and many producers will store their plants for 4 weeks or longer before transplant. 'Selva' transplanted with only 10 d of cold storage lacks vigor and is more susceptible to early infestation by T. urticae (Walsh et al., 1997) . Under growing conditions of low plant vigor that was typical during the 1980s, 'Selva' was perceived as more susceptible to T. urticae infestation than the older summer-planted, short-day cultivars it replaced. However, 'Selva' was planted because of the production advantages it offered as a day-neutral genotype. These include adaptability to fall transplanting (the plants are in the ground less time than summertransplant, resulting in a reduction of production costs), earlier fruiting than summer planted short-day cultivars, and fruit production in continuous cycles from mid-spring through fall. In addition, the fruit of 'Selva' is firm and ships well to market (Welch, 1990) , whereas the fruit from the summer planted cultivars 'Selva' replaced, softened late season making the fruit more susceptible to various rots (Bringhurst, 1981) . During the late 1980s, 'Chandler' replaced most cultivars grown previously in southern California. Because 'Selva' began producing fruit earlier and for a substantially longer period of time in the central coast growing districts than the cultivars it replaced, southern California strawberry producers experienced a shrinkage of their market window in spring. This resulted in southern California strawberry producers focusing their plant culture towards fruit production by 'Chandler' for a substantially earlier market window in January and February. This was accomplished by harvesting the nursery transplants and establishing production plantations earlier in October, resulting in less plant chilling before establishment. Reduced plant chilling resulted in plants with less vigor (Voth and Bringhurst, 1970) and increased plant susceptibility to mites (Walsh et al., 1997) . Therefore, strawberry producers perception that the cultivars Selva and Chandler are more susceptible to infestation by T. urticae than other cultivars is unsubstantiated by our study and is perhaps more a result of the shift in cultural practices caused by economic and market forces than of cultivar susceptibility.
The present investigation demonstrates that T. urticae feeding resulted in substantial yield reductions regardless of genotype within the University of California advanced-cycle breeding population. There were differences in yield response between day-neutral genotypes and short-day genotypes, but the environmental effect of pretransplant supplemental cold storage that differed between the two plant types makes direct comparison difficult and will require further study. Distribution of variance between G, GS, and GSY imply there is little variability for mite resistance among day-neutral genotypes (Table 3) . The greatest economic gain, in terms of cultivars for use in the central coast growing districts of California, will be realized by breeding for more efficient production and increased yield. However, some gains in genotypic mite resistance may be realized for short-day genotypes for southern California strawberry producers who grow short-day cultivars using cultural practices that involve few opportunities to promote plant vigor through the traditional plant chilling response.
The path coefficient analysis reveals differences between the two photoperiodic plant types in yield pattern and yield reduction due to T. urticae feeding (Table 4) . On average, short-day genotypes that had been treated with acaricides produced 55.4% of their fruit by 31 May. In contrast, day-neutral genotypes treated with acaricides on average had only produced 42.0% of their total seasonal yield by 31 May, though total average seasonal yields for all 7 years of this study were about equivalent (at 1,601 g/plant for short-day genotypes and 1,667 g/plant for day-neutral genotypes) when T. urticae remained suppressed. Following the peak fruiting period of May and June, we observed that short-day genotypes that were damaged by T. urticae feeding in June appeared to undergo a vegetative growth period in July, whereas plants that had not sustained T. urticae feeding continued to produce strawberries, though at a much reduced rate of production compared with May and June. Yield reduction due to mite feeding averaged 40% on short-day genotypes in July, and this was the highest monthly yield loss for short-day genotypes. This is explained by the strong direct effect on yield from mite-days accumulated during June. Day-neutral genotypes appear to have a more complex yield response to T. urticae feeding, likely due to their more complicated fruiting pattern. The additional supplemental cold storage before transplant that the day-neutral genotypes received did delay peak fruiting. However, the day-neutral genotypes also appeared to be very sensitive to early season (before June) mite feeding.
Differences in flowering responses between day-neutral genotypes and short-day genotypes may explain the differences in yield response to T. urticae feeding. For short-day genotypes in California, floral bud differentiation terminates in spring, after which the plant's yield potential is predetermined (Larson, 1994) . Alternatively, it appears that day-neutral genotypes are capable of floral bud initiation at all mild temperatures regardless of daylength (Durner and Poling, 1987) . These patterns may explain the response of the short-day genotypes to T. urticae feeding that is manifested as an abrupt reduction of fruiting in June and July following plant stress due to T. urticae feeding. However, the day-neutral genotypes are more sensitive to early season miteday accumulations in that mite-day accumulations during April and May have the greatest direct effect on yield. We speculate that day-neutral genotypes continue to initiate floral buds during spring and that this may explain their responses to T. urticae feeding. Additionally, we have observed that day-neutral genotypes that have experienced substantial T. urticae infestations in spring can recover and will produce fruit later in summer; these plants can never recover lost yield, but they do resume fruiting. Once damaged by T. urticae feeding in spring, short-day cultivars rarely produce marketable fruit in late summer.
The University of California strawberry improvement program continues to release new cultivars. 'Chandler' was planted on 4,605 ha in California in 1993, but was being grown on only 431 ha by the 1996-97 season (California Strawberry Commission, 2001 ). 'Camarosa' has replaced 'Chandler' entirely (California Strawberry Commission, 2001) . In pairwise comparisons between 'Chandler' and 'Camarosa' conducted in 1992 , 1994 , 1995 , and 1996 , 'Camarosa' had substantially higher yields than 'Chandler' when T. urticae populations remained suppressed (Table 1) . Unfortunately, 'Camarosa' is susceptible to T. urticae feeding and had a greater percentage of yield reduction than 'Chandler' in 3 of 4 years. In 1995 (a moderate T. urticae infestation year), and 1996 (a high T. urticae infestation year), plants from the nonacaricide treated 'Camarosa' plots had higher yields than the 'Chandler' plants from plots on which T. urticae populations were suppressed (Table 1) . We observed similar trends in 1996, between 'Selva' and 'Diamante' and to a lesser degree 'Aromas', two of the University of California's recently released day-neutral cultivars. Both new cultivars yielded significantly (P < 0.05) more fruit when T. urticae populations remained suppressed, and even when subjected to over 5,000 cumulative mite-days over the season, had yields that were not statistically different from those of the acaricide-treated 'Selva' plants (Table  2) . Although the variance components indicated there is little opportunity for substantial and rapid genetic improvement in mite resistance among the genotypes tested in this population (Table 4) , the tendency of new cultivars to have high yields in the presence or absence of T. urticae feeding achieves, in part, the goal of pest resistance.
